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THE UTILITY OF HISTOMORPHOMETRICS IN DISTINGUISHING 
BETWEEN HUMAN AND NON-HUMAN RIB BONE:  
OSTEON AREA, PERIMETER, AND CIRCULARITY 
KAREN ELISABETH BRUN 
ABSTRACT 
 This investigation explored the utility of mean osteon area, perimeter, and 
circularity as parameters for distinguishing between human and non-human bone. 
Although species of origin can be readily ascribed to undamaged remains, this evaluation 
can become difficult, if not impossible, when bone macrostructure has been obscured 
through taphonomic processes such as thermal alteration or extreme fragmentation. If 
mature Ovis aries, domestic sheep, and human osteon metrics area are significantly 
different, then osteon metrics can be useful parameters for distinguishing between these 
tissues and, thus, determining the species of origin for a bone sample of unknown 
provenience.  
This investigation consisted of histological analysis of cortical bone from 35 O. 
aries rib samples. O. aries samples were acquired from Riverslea Farm in Epping, New 
Hampshire (n = 30) and Cedar Ledge Farm in Somers, Connecticut (n = 5). Mean osteon 
area, perimeter, and circularity were assessed by manually tracing calibrated digital 
images of rib cross-sections using the ImageJ software from the National Institute of 
Health (NIH, Bethesda, MD).  
The results presented here indicate (1) that there are statistically significant 
histomorphometric differences between species, specifically goat and sheep, (2) that there 
	  	   vii 
are significant histomorphometric differences based on the anatomical, intra-rib sampling 
location, and (3) that the osteon metrics discussed here are may be poor parameters by 
which to ascribe the species of origin for remains with no known provenience, based on 
comparisons with findings from other publications. 
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INTRODUCTION 
Distinguishing between human and non-human bone is imperative to forensic 
anthropologists and medico-legal death investigations. By establishing the species origin 
for unknown bone tissue, an investigator can make an immediate distinction between 
forensically relevant and irrelevant material, thus conserving scarce resources such as 
time, money, and manpower. In cases where bone macrostructure has been preserved, 
trained osteologists can readily distinguish between human and non-human samples 
without resorting to more invasive protocols (Dominguez and Crowder, 2012). However, 
in cases where bone has been subjected to extreme taphonomic disturbances such as 
burning or severe fragmentation, macroscopic methods may fail (Cattaneo et al., 1999). 
As a result of burning exposure, bone can undergo changes in density, color, and even 
texture while simultaneously causing cracking, shrinkage, and even expansion (Buikstra 
and Swegle, 1989; Ubelaker, 2009; Castillo et al., 2013). These changes make 
fragmented elements more difficult to distinguish and, in these cases, a 
histomorphometric approach is warranted despite its invasiveness (Cattaneo et al., 1999, 
2009; Greenlee and Dunnell, 2010).  
Crowder and Stout (2011) describe plexiform bone as a type of fibrolamellar bone 
that assumes a bricklike structure as a result of being organized in alternating sheets of 
lamellar and woven bone. Traditionally, the presence of plexiform bone has been used to 
rule out human origins because humans do not exhibit plexiform bone while a number of 
non-human species do (Dix et al., 1991; Siegel et al., 2013). Recent work by Pfeiffer 
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(2006) has called into question whether juvenile humans may exhibit plexiform bone 
during the developmental process. Crowder and Stout (2011) speculate that lack of 
agreement on the topic may be attributed to the especially porous nature of juvenile 
bones, resulting in diagenesis-related histological artifacts obscuring microstructure. 
However, this is yet unclear.  
Some species of animals never exhibit plexiform bone or they make the transition 
from plexiform bone to dense, lamellar bone as they mature (Foote 1913; (Mulhern and 
Ubelaker, 2009). The transition from plexiform to dense, Haversian bone can exist in any 
number of states of completion at time of death. That is to say that the dynamic nature of 
bone microstructure means that bone can range from existing in a largely plexiform state, 
to a mix of plexiform and Haversian bone, to largely Haversian, or any other 
fibrolamellar intermediate. In cortical bone exhibiting Haversian systems, cross-sectional 
samples from the ribs can be used to estimate mean osteon area and may be useful for 
distinguishing between a number of species such as dogs, cows, humans, horses, and deer 
(Hillier and Bell, 2007; Dominguez and Crowder, 2012). Recent studies have shown that 
some interspecific overlap may exist, particularly between horses and humans, meaning 
that either new histological methods are needed in order to distinguish between these 
species or DNA testing may be required (Zedda et al., 2008a). My goal is to contribute to 
our understanding of bone histology by assessing the use of mean osteon area as a 
method for distinguishing between human and sheep and goat bone samples. 
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There may exist a biomechanically limited spectrum of potential values for osteon 
area. Future research might investigate what factors influence mean osteon area (i.e. 
genetic component in the form of species specificity and hereditability, mechanical 
loading magnitude and direction, etc.) and might continue to explore the impetus and 
mechanism for the transition from immature plexiform bone to dense, mature Haversian 
bone, in species that are known to make that transition. To this end, some research has 
been conducted by Mayya et al. (2013) and will be discussed later. 
	  4 
BACKGROUND AND PREVIOUS RESEARCH 
Distinguishing between human and non-human bone is valuable in forensic as 
well as archaeological investigations. In cases where bone macrostructure has been 
preserved, trained osteologists can readily distinguish between human and non-human 
samples without resorting to more invasive protocols (Dominguez and Crowder, 2012). 
However, in cases where bone has been subjected to extreme taphonomic disturbances 
such as burning or severe fragmentation, macroscopic methods may fail (Cattaneo et al., 
1999). Burning causes bone to undergo predictable changes in density, color, texture, and 
potentially even cracking, making fragmented elements more difficult to identify 
(Ubelaker, 2009; Castillo et al., 2013). In these cases, a histomorphometric approach is 
warranted despite its invasiveness (Cattaneo et al., 1999, 2009; Greenlee and Dunnell, 
2010).  
 
Human Bone Biology 
 Bone is a dynamic, mineralized tissue responsible for both mechanical and 
physiological functions. Mechanically, bone is responsible for the protection of soft 
tissues such as the brain and thoracic contents as well as providing leverage for muscles 
during motor function and a medium for sound transduction via the auditory ossicles. 
Bone is also responsible for physiological functions such as hematopoiesis and serving as 
reservoir for minerals, growth factors, fat, etc. Bone function and morphology can vary 
greatly throughout the body: from long and short bones in the appendicular skeleton to 
flat cranial bones, irregular pelvic bones, and dispersed sesamoid bones.  
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Mature bone tissue consists of four types of bone with distinct functional 
morphology: endosteal, periosteal, Haversian, and trabecular bone. Although histological 
organization varies between bone types, all bony tissue has two main constituents: a 
proteinaceous scaffolding of collagen and a mineralized component of hydroxyapatite 
[Ca5(OH)(PO4)3]. Bone is a living tissue, requiring consistent nutrient delivery and the 
ability to respond to stimuli. As such, various connective and nervous tissues surround, 
permeate, and support bone tissue. The endosteum and periosteum are layers of epithelial 
tissue lining the medullary cavity, when applicable, and the external surface of the bone, 
respectively. The endosteum and periosteum contain progenitor cells that can 
differentiate to become bone-building cells called osteoblasts or cartilage-building cells 
called chondroblasts. Together, these epithelia serve important roles in growth as well as 
in responding to mechanical and pathological insults.  
There are four main surfaces, or envelopes of bone: endosteal, periosteal, 
Haversian, and trabecular. These envelopes of bone vary in their functional morphology 
and anatomical distribution. Compact bone is a term used to describe the functional 
complex formed by endosteal, periosteal, and Haversian bone. Endosteal and periosteal 
bone are structurally similar in that they both consist of circumferential lamellar bone that 
interfaces with bone lining cells. Endosteal bone lines medullary cavities and exists at the 
cortical-trabecular interface while periosteal bone lines the most superficial, or outer, 
perimeter of bone. Haversian bone occupies the space between endosteal and periosteal 
circumferential lamellar bone and consists of concentric and interstitial lamellar bone. 
Trabecular bone, also known as cancellous or spongy bone, can be found deep to the 
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endosteal bone, particularly at the proximal and distal ends of long bones, and consists of 
numerous trabeculae, or strut-like bone formations. 
 
Figure 1: Proximal artiodactyl phalanx illustrating cortical bone (a) and trabecular bone (b). Scale is in cm. 
 
Bone Formation 
The embryological process of bone formation and ossification is complex and 
varies throughout the skeleton. An overview will be given here, but a number of excellent 
volumes have been devoted to discussing the topic in greater detail, see (Scheuer and 
Black, 2000; Larsen, 2001). 
During the process of embryonic development, cells of the epiblast, a rudimentary 
collection of cells formed about 8 days after conception, undergo reorganization through 
gastrulation to become the three primary germ layers: endoderm, mesoderm, and 
ectoderm. As the embryo develops, each of these tissues continues to differentiate into 
A 
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the four main tissue types: epithelial, connective, muscle, and nerve. Endoderm 
differentiates to become epithelial tissue, mesoderm differentiates to become connective, 
muscle, and epithelial tissue, and ectoderm differentiates to become nervous and 
epithelial tissue. Osseous tissue, or bone, is a connective tissue that is mesenchymal in 
origin (Larsen, 2001). Beginning in roughly the 5th prenatal week of human development, 
primary ossification of the clavicle begins, initiating a process of skeletal development 
and ossification that is completed no sooner than the age of 21 years with the fusion of 
the clavicle and its secondary epiphyses (see Schaefer et al. 2009, pages 351-355, for an 
overview of developmental ossification sequence). 
The process of bone formation, also known as osteogenesis or ossification, is a 
process that requires a preexisting surface on which to occur and may be accomplished 
by utilizing a membranous, cartilaginous, or some combination of membranous and 
cartilaginous substrates. Intramembranous ossification utilizes an embryonic connective 
tissue membrane to form the flat bones of the cranial vault such as the frontal and parietal 
bones. Endochondral ossification utilizes a cartilage model to form the majority of bones 
such as the ribs, limb bones, and cranial base. Through these processes, in utero 
osteogenesis gives rise to a multitude of primary ossification centers throughout the body 
that will continue to increase in size and change in morphology with osteological 
development and the postpartum addition of secondary ossification centers (Cohen, 2000; 
White et al., 2011). 
 
	  8 
Bone Remodeling 
 Bone remodeling is the process by which older bone is replaced by new bone 
through the combined effort of various cell types. This process occurs in all of the four 
bone envelopes and can take place in response to pathological, traumatic, or mechanical 
insult or as a normal process of cellular turnover. Bone remodeling is typically discussed 
in terms of three phases: activation, resorption, and formation, also known by the 
acronym ARF (Martin et al., 1998). These phases are executed by the collective effort of 
the three main cell types that are responsible for day-to-day bone maintenance and repair: 
osteoclasts, osteoblasts, and osteocytes. Together, these three cell types form the Basic 
Multicellular Unit (BMU) of remodeling (Frost, 1966).  
 
	  
Figure 2: Artist depiction of trabecular and cortical BMU activity. Adapted from (Sims and Martin, 2014). 
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The activation phase commences when osteoclasts arrive at a specific location in 
response to signals from local osteocytes (Manolagas, 2000). These osteoclasts 
differentiate from the fusion of ten to twenty hematopoietic stem cells called 
mononuclear phagocytes which are found in the bone marrow and travel to the 
remodeling site via the vasculature (Boyle et al., 2003; Pettit et al., 2008). Although the 
impetus for bone remodeling is not well understood, there is a general consensus that 
remodeling is influenced both mechanically and metabolically. A number of recent 
publications agree that osteocyte activity must be largely inhibitory. Thus, osteocyte 
death via insult or natural expiration of life span would result in the activation of bone 
remodeling (Marotti, 1995; Martin, 2000; O’Brien et al., 2005; van Oers et al., 2008b). 
For instance, osteocyte mortality is suppressed in regions experiencing moderate strain 
and much higher in regions of bone exposed to levels of mechanical loading resulting in 
microfracturing to the bone (Verborgt et al., 2000; Noble and Peet, 2003). Thus, 
osteocyte deaths in regions with microfracturing serve as ‘beacons’ for remodeling in 
damaged regions of bone because the, now dead, osteocytes are no longer inhibiting local 
remodeling (Manolagas, 2000). 
The formation of a cellular resorption front, also known as a cutting cone or 
resorptive bay, indicates the onset of the resorption phase (Parfitt, 2002). This cutting 
cone consists of an osteoclast front, approximately 150 to 350 μm in diameter, which 
burrows through cortical bone at a rate of about 20 μm per day (Martin et al., 1998; van 
Oers et al., 2008a). In trabecular bone, the resorptive front is known as a hemicone 
(Parfitt, 2002). Osteoclasts resorb bone by dissolving both its organic and inorganic 
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components, their secretions decrease the local pH to about 4.5 and include anti-collagen, 
proteolytic enzymes (Teitelbaum, 2000). 
The termination of the resorption phase and the commencement of the formation 
phase are indicated by a reversal line which is deposited over a period of approximately 9 
days during which the resorptive bay is prepared for osteoblast activity (Ott, 2002). This 
reversal line will form the boundary for the newly forming osteon and is known as a 
cement line.  
 
	  
Figure 3: Cortical rib bone from a sheep viewed 
under polarized light microscopy at 10x 
magnification. Note the cement line (arrow). 
Figure 4: Cortical rib bone from a sheep viewed 
under polarized light microscopy at 4x 
magnification. Note the presence of many 
secondary osteons indicated by their cement lines.  
 
Bone formation is accomplished by osteoblasts, ‘sophisticated’ fibroblast cells that 
originate from mesenchymal progenitor cells housed in the endosteum and the 
periosteum until needed (Ducy, 2000). Osteoblasts are attracted to the resorption area by 
the release of growth factors during the resorption phase. During bone formation, a group 
of osteoblasts form a closing cone that lays down an organic, or un-mineralized, 
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substance called osteoid. Osteoid is a gel-like precursor to bone, consisting of Type I 
collagen and other proteins, proteoglycans, and water. Following deposition, the water 
component of osteoid becomes replaced with calcium phosphate crystals over the course 
of the approximately 10 days and thus becomes the mineralized tissue commonly known 
as bone (Martin et al., 1998).  
 
 
Figure 5: Artist depiction of BMU activity adapted from (Smith et al., 2012). 
 
As osteoblasts secrete osteoid, some of the osteoblasts become entombed in the 
bony matrix, at which point, those osteoblasts become known as osteocytes. Osteocytes 
are permanent, non-motile, residents of both cortical and trabecular lamellar bone. 
Osteocytes reside in lacunae, fluid-filled cavities found in lamellar bone, and originate 
from differentiated osteoblasts. Osteocytes communicate with one another as well as with 
osteoblasts and bone lining cells via gap junctions physically connected through 
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microscopic tunnels called canaliculi (Yellowley et al., 2000). Osteocyte life spans can 
be highly variable based on the frequency and magnitude of local mechanical and 
pathological insults, as discussed earlier.  
A discussion of the cellular components of bone would be remiss without mention 
of bone lining cells. Bone lining cells are relatively flat cells that form a continuous, one 
cell deep, film over the endosteal, periosteal, and vascular canal surfaces of resting bone, 
or bone that is neither growing nor resorbing. The functions and developmental origin of 
bone lining cells are not well understood, but they are postulated to arise from quiescent 
osteoblasts and have the ability to differentiate into other bone cells as necessary, assist 
with mineral homeostasis, and regulate osteoclast access to bone (Miller et al., 1989). 
 
Static Mature Bone Histomorphology 
 For the purpose of this discussion, static histomorphology will be 
described, largely, in terms of cortical rather than trabecular bone microstructure. As a 
result of the strut-like arrangement of trabecular bone, the most pronounced difference 
between cortical and trabecular histology is the arrangement of osteons. Although both 
cortical and trabecular bone contain osteons, their arrangement differs between the 
tissues. Because osteons tend to align with the principle stress direction, cortical osteons 
align with the long axis of the bone while trabecular osteons do not (Petrtýl et al., 1996).  
In the cortex of long bones, BMUs are oriented parallel to the axis of the long 
bone. The resulting structure consists of concentric layers of bone organized around a 
central canal, first observed in 1729 by Clopton Havers, a British physician who gave 
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them his name (Havers, 1729). BMU activity throughout the cortex results in a well 
organized, longitudinally arranged, discrete Haversian systems.  
 
	  
Figure 6: Thin section of human cortical rib bone at viewed under optical microscopy at 4x magnification. 
 
Each Haversian system, also known as an osteon, consists of a central Haversian 
canal, through which a vascular bundle travels, and several surrounding, concentric layers 
of lamellar bone. It is within these layers of concentric lamellar bone that osteocytes 
reside within their lacunae, fluid-filled space embedded in the lamina.  
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Figure 7: Thin section of human cortical rib bone viewed under optical microscopy at 20x magnification. Note 
the secondary osteon and secondary osteon fragment indicated by yellow and red, respectively. 
 
As bone tissue ages and it is replaced with new bone through remodeling, new 
Haversian systems are built over old ones resulting in areas where fragments of old 
Haversian systems remain after the newer ones are built over them. These fragmentary 
Haversian systems are referred to as interstitial lamellae because they exist interstitially 
between complete Haversian systems. Osteons are often described as primary or 
secondary in nature, where primary refers to blood vessels trapped in bone during 
appositional, or radial, bone growth during development and secondary refers to osteons 
that are laid down during remodeling. Histologically, primary and secondary osteons can 
be distinguished between by the lack of concentric lamellae around primary osteons and 
by the existence of cement lines circumscribing secondary osteons.  
A number of secondary osteon types can arise during remodeling, including: type 
I osteons, type II (embedded) osteons, double-zonal osteons, and drifting osteons. Type I 
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secondary osteons are those most commonly described and studied in bone biology. Type 
II secondary (embedded) osteons are relatively small osteons that can be found within the 
lamellae of larger osteons (Ericksen, 1991). Double-zonal osteons are those that exhibit a 
hypercalcified ring within their concentric lamellae. This accessory ring is not a cement 
line, rather it illustrates a period of arrested BMU activity during bone formation; see 
Robling and Stout (2008) for a more in-depth discussion. Drifting osteons are those that 
simultaneously exhibit continuous resorption and deposition on opposite sides of the 
osteon, resulting in a ‘tail’ like cross-sectional morphology (Robling and Stout, 1999). 
See Chapter 1 Crowder and Stout (2011) for a more detailed description of these 
microstructures.  
Circumferential lamellar bone exists at the superficial and deep boundaries of 
cortical bone. Moving superficially, circumferential lamellae can be found superficial to 
the endosteum and deep to the periosteum. The outer layer circumscribes the osteons and 
interstitial lamellae. Circumferential laminar bone exists in several layers, typically 
concentric with the perimeter of the diaphysis of the long bone and parallel with the bone 
surface (Martin et al., 1998).  
For the purposes of the present study, investigations will be limited to adult rib 
bone microstructure and histology. Although interesting in their own right, sub-adults 
will be excluded because of the ontogenetic changes in cortical bone development and 
irregular bones exhibit variable microstructure as a result of non-longitudinally applied 
forces making them less desirable for the present study (Currey, 1964; Steadman, 2003). 
The focus of this investigation will be the microstructure of cortical bone of the ribs.  
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Practical Applications of Bone Histomorphometrics 
 Histological investigations are of interest for many reasons including their 
potential to elucidate mechanisms influencing macroscopic structure as well as because 
of their potential to extract meaningful data from extremely small, fragmented, or burned 
osseous samples for which macroscopic methods fail.  
 
Pathological Manifestations and Diagnoses in Human Bone Histology 
Pathological changes to bone tissue can be viewed microscopically by observing 
abnormal quantities of resorption spaces and/or forming osteons (Ortner, 2003). 
Histological investigations are of particular importance in paleontological and other 
contexts where specimens are entirely void of soft tissue or in cases where soft tissue has 
decomposed extensively. In these cases, many diseases are not only visible 
microscopically, but they are better diagnosed histologically than macroscopically. 
Among these are those that affect the microstructure of the compact or trabecular bone 
such as osteomyelitis, rickets, scurvy, leprosy, Paget’s disease, meningitis and 
treponemal disease (Schultz, 2001). An exhaustive list of pathological conditions readily 
diagnosed via light microscopy and thin-ground sections as well as relevant citations can 
be found in Table 2 of Schultz (2001). 
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Human Age-at-Death 
 Adult chronological age can be estimated based on a microscopic 
assessment and quantification of histomorphometric parameters of bone (Kerley, 1965; 
Kerley and Ubelaker, 1978). These methods take advantage of the predictability bone 
remodeling rates (Parfitt, 1979, 1994).  
The rate of bone remodeling can be affected by variables such as hormonal 
activity and calcium homeostasis (see (Hadjidakis and Androulakis, 2006)for an 
overview) as well as in response to microfracturing (Frost, 1990). Specifically, 
menopause has been shown to increase rates of remodeling (Recker et al., 2004) because 
of decreases in estrogens which prevent osteoclast formation (Srivastava et al., 2001), 
reduce osteoclast life span (Kameda et al., 1997), and stimulate osteoblast formation 
(Manolagas, 2000). With regards to obesity, one study that broadly and arbitrarily 
categorized individuals as “slender, medium, or robust” suggested that body size did not 
affect histological age estimation (Maat et al., 2006) but this may be an artifact of lax 
categorization criteria.  
Histological age can be estimated by quantifying various parameters. The most 
widely agreed upon parameters are the frequencies of osteons and osteon fragments when 
using the Kerley method (Kerley, 1965; Stout and Gehlert, 1982; Thompson and Galvin, 
1983). 
Methods of histological age estimation can include analyses of the cranial 
elements (Trammell 2012) or various post-cranial elements. Within post-cranial 
histomorphometrics, some bones appear to be better suited for age estimation than others 
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based on different remodeling rates. In the pectoral girdle, the humerus and ulna are 
known to have significant differences in percent of non-Haversian bone. Osteon counts 
vary significantly between the posterior and lateral radius, anterior ulna, lateral femur and 
lateral tibia. Additionally the ulna, a bone of the upper limb, and the fibula, a bone of the 
lower limb, showed significant differences in osteon fragment counts (Tersigni 2005). 
Kerley’s original method was devised with respect to the femur, tibia, and fibula with the 
finding that osteon fragment number in the fibula was the best indicator of age although, 
traditionally, the most frequently utilized section is derived from the cortex of the anterior 
mid-shaft of the femur (Kerley, 1965; Ericksen, 1991; Maat et al., 2006; Keough et al., 
2009). Other studies have used the rib and clavicle to create regression equations accurate 
within 3.4 years (Stout and Paine, 1992) and the mandible has been found to be a better 
histological indicator of age than the tibia and femur (Singh and Gunberg, 1970) possibly 
because it is less subject to strain and load bearing. The tibia has been showed to be a 
poor histological indicator of age in individuals less than 55 years of age (Thompson and 
Galvin, 1983). Based on all these findings, it appears that non-loadbearing bones are 
better subjects of histological analysis for the purpose of age estimation, however the 
femur is likely most used because it is robust and tends to be well preserved. 
Tersigni (2005) determined that the spatial origin of the histological sample 
within the bone affects age estimation as a result of different rates of remodeling at the 
mid-shaft, proximal diaphysis, and distal diaphysis of the femur.  
 While ancestry appears to have had no impact on age estimation in some studies 
(Kerley, 1965; Thompson and Galvin, 1983), more recent studies have found that 
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histomorphometric methods for age estimation do not work when applied to specific 
ancestry populations such as African-Americans (Cho et al., 2002) and yet other studies 
have confounded the effects of ancestry and low-socioeconomic status (Keough et al., 
2009). 
 There is conflict regarding whether bone remodeling rates are sex-specific. Some 
have found that there is no difference between males and females (Kerley, 1965; Singh 
and Gunberg, 1970; Maat et al., 2006) while others have found that sex-specific 
regression equations based on histomorphometric parameters give better results for age 
estimation (Ericksen, 1991). 
 
Comparative Mammalian Histology 
In addition to macroscopic methods, Human and non-human bone can be 
distinguished from each other using histomorphometric methods. In large non-human 
mammals, the presence of plexiform bone can be used as a method by which to eliminate 
the possibility of human origin (Dix et al., 1991; Siegel et al., 2013). Plexiform bone 
consists of rapidly deposited layers of lamellar and woven bone (Currey, 2002).  
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Figure 8: Schematized development of fibrolamellar (plexiform bone). Adapted from Currey (2002). 
 
The presence of woven bone makes plexiform bone a biomechanically inferior 
material when compared with dense Haversian bone (Currey, 1959). For this reason, 
some species are known to transition from plexiform to dense Haversian bone as they 
mature, particularly in response to mechanical stress (Hillier and Bell, 2007; Mayya et 
al., 2013). In goats, bones that experience high tensile stresses can be used to illustrate 
the coexistence of plexiform and dense Haversian bone (Mayya et al., 2013). Femoral 
cross section are characterized by the presence of plexiform bone anteriorly and dense 
Haversian bone posteriorly (Figure 10). Furthermore, Mayya et al. observed variation 
within the femoral shaft longitudinally, suggesting that bone microstructure is affected by 
the presence or absence of mechanical loading transferred through muscle attachments. 
Hillier and Bell (2007) note that this transition, from plexiform to dense Haversian bone, 
can be histologically observed in cross sections of cortical bone. Moving superficially 
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from the longitudinal axis of a long bone, there is a cortical layer of dense Haversian 
bone, a middle layer of transitional bone, and a near periosteal layer of plexiform bone 
(Figure 9; Hillier and Bell, 2007).  
 
 
 
 
 
While the age of this transition is largely undocumented for most species, species 
exhibiting plexiform bone have been found to exhibit increasingly greater proportions of 
Haversian bone with increasing chronological age (Currey, 1959, 2002; Martin and Burr, 
1989). Sheep specimens with an age-at-death of 12 to15 months have been found to 
exhibit both plexiform and Haversian bone in the femoral diaphysis, with a greater 
proportion of the former (Martiniaková et al., 2007). Species of pig (Sus scrofa), dog 
(Canis lupus familiaris), goat (Capra aegagrus hircus), sheep (Ovis aries), cow (Bos 
taurus), deer (Odocoileus virginianus), and horse (Equus caballus) are known to exhibit 
Figure 9: Sheep cortical bone exhibiting 
Haversian bone near the endosteal surface (A), 
transitional bone (B), and plexiform bone near 
the periosteal region (C). Adapted from Hillier 
and Bell (2007). 
Figure 10: Goat cortical bone from the femur 
exhibiting plexiform bone anteriorly and Haversian 
bone posteriorly. Adapted from (Mayya et al., 2013). 
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both plexiform and dense Haversian bone at some point in their respective developmental 
trajectories (Foote 1913; Mori et al., 2003; Hillier and Bell, 2007).  
Because faunal bone has the potential to transition from plexiform to dense 
Haversian microstructure or entirely lack plexiform bone, histologists must explore 
different methods for distinguishing between human and non-human bone samples. 
 
	  
Figure 11: Cortical rib bone from a sheep viewed under polarized light microscopy at 4x magnification. Note the 
fibrolamellar bone on the left side of the image and the Haversian systems visible on the right side of the image. 
Up is endosteal. 
 
With this end in mind, standard nomenclature, symbols, and units for bone 
histomorphology have been developed by Parfitt and Drezner (1987).  
Osteon circularity is a unit-less value ranging from 0 to 1, where 0 indicates 
morphology approaching an infinitely elongated polygon and 1 indicates morphology 
approaching a perfect circle. Thus far, osteon circularity has not been found to species-
specific (Tersigni et al., 2008; Dominguez and Crowder, 2012). More promising is the 
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use of mean osteon cross-sectional area as a parameter for histomorphometrically 
distinguishing between species (Cattaneo et al., 1999, 2009; Tersigni 2008; Zedda et al., 
2008; Greenlee and Dunnell, 2010; Dominguez and Crowder, 2012). Human mean osteon 
area has been found to be independent of age in unsuccessful attempts to utilize this 
parameter for the purpose of age estimation (Kerley, 1965; Kerley and Ubelaker, 1978; 
Thompson and Galvin, 1983). Species can be ranked in order of increasing mean osteon 
area: dog (0.013 mm2), deer (0.017 mm2), cow (0.024 mm2), human (0.036 mm2), and 
horse (0.040 mm2) (Singh et al., 1974; Hillier and Bell, 2007; Martiniaková et al., 2007a; 
Figure 3).  
In samples of burned bone, Cattaneo et al. found that maximum Haversian 
diameter, minimum Haversian diameter, and osteon area were excellent indicators of 
species when comparing humans (n=15) with a collection of non-human samples from 
cows (n=5), sheep (n=6), pigs (n=6), a horse (n=1), a dog (n=1), and a cat (n=1; Cattaneo 
et al., 1999). In a later study, Greenlee and Dunnell found that Haversian canal area could 
be used to accurately histomorphometrically distinguish between samples of human (n=8) 
and pig (n=2) bone using backscatter electron (BSE) imaging (Greenlee and Dunnell, 
2010). Discriminant canonical equations utilizing histomorphometric parameters can 
accurately identify 70% of human adult long bone samples. However, this accuracy 
decreases to approximately about 28% for human adult flat bone samples and about 6% 
for human juvenile long bones (Cattaneo et al., 2009). These findings support previous 
findings of histomorphometric variability between serial sections of human long bones 
(Tersigni 2005; Cattaneo et al., 2009). 
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The use of mean osteon area as a parameter for distinguishing between species is 
a relatively new avenue of research. As a result, there is a paucity of literature specific to 
many common species such as Sus scrofa, pig, and Ovis aries, domestic sheep. Not only 
are faunal microstructure and the transition from immature fibrolamellar bone to 
Haversian bone poorly understood, but baseline histomorphometric observations of most 
species with appropriate samples sizes are also lacking.  
 
Histomorphometric Applications in Thermally Altered Bone 
During the modern cremation process, internal furnace temperatures can rise up to 
approximately 1260°C resulting in extensive thermal damage to bone (Murad, 1998). 
Castillo et al. describe four main stages of histological change in bone as a direct result of 
incineration with specific reference to the impact of extreme temperatures on the organic 
and inorganic components of bone. In samples of bone cores from the ilium composed of 
both trabecular and cortical bone, collagen deforms and ashes away between 100°C and 
300°C and the inorganic components of bone begin crystallizing once temperatures 
exceeded 400°C with Haversian canals bursting around 900°C (Castillo et al., 2013).  For 
these reasons, histological methods must be applied only where they are appropriate in 
the context of post-mortem modifications in order to avoid introducing thermal artifacts.  
Histological age estimation is of great importance for demographic analyses in 
historical remains from time periods during which cremation, and thus the destruction of 
macroscopic traits, was the norm. Histological analyses of remains cremated from the late 
Bronze Age to the Migration Period were found to be of limited value because of the 
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extreme fragmentation and heat warping incurred by the bones (Hummel and 
Schutkowski, 1993). A better approach may be to devise methods specifically for the 
histological treatment of cremated or otherwise thermally altered bone. In identifying 
human or non-human origin, Cattaneo et al. found that regression equations derived from 
histomorphometric values based on known-source burned human and faunal samples 
were more reliable for ascribing human or non-human origin than immunological or 
mitochondrial DNA analyses (Cattaneo et al., 1999).   
 
Important Histomorphometric Considerations and Limitations 
 While histomorphometric methods are desirable in cases where bone has been 
fragmented or otherwise experienced post-mortem modification, it is imperative that 
practitioners consider the limitations and assumptions of these methods, particularly in 
light of the 1993 changes to evidentiary admissibility resulting from Daubert v. Merrell 
Dow Pharmaceuticals, Inc. and other landmark cases (Dirkmaat et al., 2008; Christensen 
and Crowder, 2009).   
In her 2005 doctoral dissertation, Tersigni evaluated the affect of sample origin 
within long bones on histological parameters and their utility in age estimation. Not only 
are histological parameters variable within the long bones longitudinally, but they vary 
radially. That is, raw values for histological parameters vary based on whether they are 
derived from a proximal, midshaft, or distal cross-section and they vary within that cross-
section when separated into anterior, posterior, lateral, and medial quadrants. These 
location-based differences in histological parameters can result in significantly different 
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age estimates (Tersigni, 2005). Some radial inconsistencies in bone microstructure can be 
attributed to enthesis (a bone texture indicating muscle or connective tissue attachment) 
presence and resultant mechanical loading. Cortical bone at enthesis locations is 
characterized by extreme thinness (50-600 μm in thickness) and holes in the cortical shell 
(100-400 μm wide) as well as increased rates of cortical micro damage, bone remodeling, 
and vascularization (Benjamin et al., 2007). Differences in mechanical loading in the 
form of compressive and tensile forces also result in radial differences in cortical bone 
microstructure, see Mayya et al. (2013) discussed elsewhere in this document. For these 
reasons, practitioners must take care to avoid selection bias. 
Schultz (2001) entreats practitioners to be cognizant of abiotic factors that may 
affect bone histology leading to incorrect pathological diagnoses. This pitfall is termed 
pseudopathological diagnoses and refers specifically to postmortem modifications that 
resemble pathological conditions (Wells, 1967). Among these are changes caused by 
interactions with abiotic factors such as soil and water as well as those caused by biotic 
factors such as plants, fungi, algae, bacteria, and other fauna (Schultz, 2001). While 
extreme cases may be readily recognizable, practitioners should be wary of failing to 
recognize mild, pathological bony resorption or deposition. 
Because the underlying biological mechanisms for maintaining bony tissues are 
not perfectly understood, it is imperative that practitioners consider all potential pitfalls 
when applying histomorphometric analyses. The findings of Tersigni and numerous 
others investigating population differences, mechanical impacts, and pathological 
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changes suggest that practitioners must consider very carefully the context of any sample 
before making a judgment regarding the appropriateness of any analysis undertaken. 
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MATERIALS AND METHODS 
This investigation was conducted at Boston University School of Medicine 
(BUSM) facilities using tools already owned by BUSM. Training in methods including 
histological sample preparation was provided by Dr. Siwek. 	  
Experimental Samples 
 Ribs were selected as the skeletal element of interest for this study because of 
their relative ease of procurement and because secondary osteon and Haversian canal 
dimensions of human ribs are less affected by age and sex than other elements, such as 
femora (Pfeiffer et al., 2006).  
A sample of 44 Ovis aries ribs was acquired for the purpose of analyzing and 
comparing cortical bone histology between species. Of these 44 ribs, 35 were 
successfully processed, with a 20% loss due to processing. 
Ovine samples were acquired from Riverslea Farm in Epping, New Hampshire (n 
= 30) and Cedar Ledge Farm in Somers, Connecticut (n = 5). Samples from Riverslea 
Farm arrived as discrete batches of remains intended for human consumption as soup 
bones. These sheep were described by the farm as ewes, mature females, however some 
un-fused long bone epiphyses were noted. Samples from Cedar Ledge Farm arrived as 
complete quartered sheep and were described by the farm as retired breeding sheep. 
In addition to the ovine samples, a small sample of goat ribs was acquired from 
Riverslea Farm (n = 4). These goat samples arrived from the farm in one discrete packet 
of remains intended for human consumption as well.  
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Gross Sample Preparation 
Ovine samples were acquired following butchery for human consumption and 
were macerated, dried, further de-fleshed by dermestid beetles, and finally degreased 
prior to sectioning. Maceration was accomplished by soaking the fleshed samples in a 
mixture of water and detergent (Biz brand, approximately 15 mL per 10 L of water) at a 
temperature of about 60°C for 48 hours. After maceration, samples with remaining soft 
tissue were dried under a fume hood before being presented to Dermestes maculatus, 
carrion-consuming beetles, for the removal of remaining dried soft tissue. Finally, the 
ovine samples were degreased by soaking in a solution of 80% dichloromethane (CH2Cl2, 
also known as DCM or methylene chloride) and 20% methanol (MtOH) for a minimum 
of 24 hours.  
 
Histological Sample Preparation 
Methods of histological sample preparation are adapted from Tersigni (2005), 
Cho (2012) in Chapter 14 of (Crowder and Stout, 2011), and (Dominguez and Crowder, 
2012).  
Each rib was assigned an alphanumeric designation before being sectioned. Each 
number corresponds with pertinent provenience information such as species, batch 
number, and rib number from that batch. Thin sections of approximately 100 μm were 
made using a Buehler IsoMet Saw equipped with a 15 HC diamond-edged blade at a 
speed of 200 RPM. These coarse sections, approximately 200 μm thick, were then hand-
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ground to a final thickness of approximately 100 μm using a Buehler HandiMet and 320-
grit corundum paper before being polished using the same machinery with 800 and 1200 
grit paper (mean final thickness: 0.138 mm ± 0.02). After attaining the appropriate 
thickness, all acellular channels and spaces in each thin section were coated with India 
ink to increase contrast in the bone microstructure. Several drops of the ink were applied 
and allowed to soak for a period of 24 hours before being dry polished again using 800- 
and 1200-grit corundum paper to remove all surface ink. 
Each thin section was then attached to a glass slide using cyanoacrylate and 
viewed using an Olympus BHS-2 research light microscope at magnifications between 2x 
and 40x.  
 
Histological Analysis and Image Capture 
An Olympus research microscope equipped with a TucsenTM 10 megapixel color 
digital camera linked to an Apple Mac Mini were used for acquisition of digital images. 
For each cortical section, images were captured as necessary at 4X magnification. 
The perimeters of all intact secondary osteons from each rib were manually traced 
using the ImageJ v.1.47 software (NIH, Bethesda, MD). No fewer than 25 osteons were 
collected from each cross-section (Stout and Paine, 1994; Cho et al., 2002). Once the 
osteon perimeters were traced, the area, perimeter, and circularity for each osteon were 
measured in ImageJ using pre-calibrated dimensions. These data were recorded in 
Microsoft Office Excel 2011.  
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Statistics and Calculations 
Variables Assessed 
The raw data collected from each thin section of rib bone consisted of the 
following metrics for intact secondary osteon cross-sections: (a) area (mm2), (b) 
perimeter (mm), and (c) circularity. Osteon circularity is defined as how closely a given 
shape matches a perfect circle and ranges from 0, an infinitely elongated polygon, to 1, a 
perfect circle. The species, batch, and anatomical location of each sample within the rib 
were also recorded.  
Intra-rib anatomical location was designated arbitrarily as sternal, middle, or 
vertebral. An anatomical designation of sternal (S) identifies samples originating from 
roughly the sternal half of the rib, along the costal shaft, an anatomical designation of 
vertebral (V) identifies samples originating between the costal tubercle (anteriorly) and 
the head of the rib (posteriorly), along the costal neck, and middle (M) identifies samples 
originating from the space between sternal and vertebral regions already defined, 
typically from the costal angle.   
 
Statistical Analysis 
Descriptive statistics were calculated for each parameter using Microsoft Office 
Excel 2011. Each data set was analyzed using SPSS version 19 for Mac (SPSS Inc., 
Chicago Ill, USA). A one-way ANOVA was used to compare mean osteon area, 
perimeter, and circularity from domestic sheep and domestic goat to determine if there 
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were species-specific differences. A one-way ANOVA was used to compare mean osteon 
area, perimeter, and circularity values by the anatomical origin of the sample (sternal, 
middle, vertebral) and was followed up with post-hoc analysis set at 0.05 using Tukey’s. 
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RESULTS 
The data described below consists of an analysis of metrics collected from a total 
of 3,297 osteons. Of those, 133 of the osteons measured came from domestic goat and 
3,164 came from domestic sheep, the actual number of organisms represented by the 
sample is unknown. 
 
By Batch 
Across all batches, metrics collected from a total of 3, 297 osteons were included 
in this analysis. The number of osteons measured per batch varied (𝑥 = 412, sd = 171; 
Figure 12). 
 
Interspecies: Sheep vs. Goat 
Significant differences were observed in mean osteon area between sheep and 
goat [F (1, 3296) = 37.995, p < 0.05], with sheep mean osteon area (𝑥 = 0.0297 mm2) being 
smaller than goat mean osteon area (𝑥 = 0.0389 mm2; Figure 12). Significant differences 
were observed in mean osteon perimeter between sheep and goat [F (1, 3296) = 36.919, p < 
0.05], with sheep mean osteon perimeter (𝑥 = 0.6191 mm) being smaller than goat mean 
osteon area (𝑥 = 0.7107mm; Figure 13). Significant differences were observed in mean 
osteon circularity between sheep and goat [F (1, 3219) = 7.011, p < 0.05], with sheep mean 
osteon circularity (𝑥 = 0.8946) being smaller than goat mean osteon circularity (𝑥 = 
0.9172; Figure 14).  
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Anatomical Location 
Sheep osteon metrics were compared by anatomic location. No anatomical 
location data was analyzed for goat samples.   
Mean sheep osteon area was greatest for osteons from the vertebral region (𝑥 = 
0.0317 mm2), intermediate for osteons from the middle of the rib (𝑥 = 0.0296 mm2), and 
smallest for osteons from the sternal region of the rib (𝑥 = 0.0257 mm2; Figure 15). 
Significant differences were found in mean osteon area between groups vs. within groups 
by anatomical location [F (2, 3161) = 22.379, p < 0.000]. Furthermore, a post-hoc Tukey test 
found significant differences in observed means between samples obtained from the 
middle of the rib and the sternal region of the rib [p < 0.000], the middle of the rib and 
vertebral region of the rib [p < 0.004], and the vertebral region of the rib and the sternal 
region of the rib [p < 0.000]. 
Mean sheep osteon perimeter was greatest for osteons from the vertebral region (𝑥 
= 0.6392 mm), intermediate for osteons from the middle of the rib (𝑥 = 0.6185 mm), and 
smallest for osteons from the sternal region of the rib (𝑥 = 0.5780 mm; Figure 16). 
Significant differences were found in mean osteon perimeter between groups vs. within 
groups by anatomical location [F (2, 3161) = 22.114, p < 0.000]. Furthermore, a post hoc 
Tukey test found significant differences in observed means between samples obtained 
from the middle region of the rib and the sternal region of the rib [p < 0.000], the 
vertebral region of the rib and the middle region of the rib [p < 0.006], and the vertebral 
region of the rib and the sternal region of the rib [p < 0.000]. 
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Mean sheep osteon circularity was greatest for osteons from the vertebral region 
(𝑥 = 0.9150), intermediate for osteons from the middle of the rib (𝑥 = 0.9135), and 
smallest for osteons from the sternal region of the rib (𝑥 = 0.7925; Figure 17). Significant 
differences were found in mean osteon circularity between groups vs. within groups by 
anatomical location [F (2, 3161) = 94.599, p < 0.000]. Furthermore, a post hoc Tukey test 
found significant differences in observed means between samples obtained from the 
vertebral region of the rib and the middle region of the rib [p < 0.000], the sternal region 
of the rib and the middle region of the rib [p < 0.000], and the vertebral region of the rib 
and the sternal region of the rib [p < 0.000]. 
  
	  36 
DISCUSSION 
 
The findings presented here indicate several key points: (1) that there are 
statistically significant differences between goat and sheep rib bone histomorphometrics, 
(2) that there are differences in osteon metrics based on the anatomical, intra-rib location 
of the sample, and (3) that the osteon metrics discussed here may be poor parameters by 
which to ascribe the species of origin for remains with no known provenience.  
 
Interspecies Comparison 
The interspecies comparison of goat vs. sheep osteons found a significant 
difference in all three parameters: mean area, perimeter, and circularity. Overall, goat 
osteons were significantly larger and more closely fitted to a circular cross section than 
sheep osteons (Figures 12-14).  
Another interesting interspecies comparison can be made with the data reported 
for human mean osteon area and circularity. Based on their interspecies comparison of 
human, dog, and deer values for mean osteon area and circularity, Dominguez and 
Crowder (2012 b) stated that “using these two variables should successfully distinguish 
human from non-human groups” (pg. 87). Although no statistical testing between human 
and non-human samples has been conducted as a part of this investigation, it is worth 
noting that the values they reported for human mean osteon area and circularity are 
extremely similar to those presented here for goat and sheep (Table 1).  The large sample 
size of sheep osteons utilized by this investigation and the low standard error reported 
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suggests that our findings are fairly representative of the species. Despite a smaller 
sample size, the standard error for goat values is also small. 
 
Mean Osteon Values 
Species  Area St. Dev. St. Error  Circularity St. Dev. St. Error 
Human*  0.036 0.018 -  0.899 0.042 - 
Deer*  0.017 0.011 -  0.877 0.057 - 
Dog*  0.013 0.006 -  0.885 0.053 - 
Sheep  0.030 0.017 0.000  0.895 0.098 0.002 
Goat  0.039 0.020 0.002  0.917 0.044 0.004 
Table 1: Mean osteon values for human, deer, dog, sheep, and goat. Human, deer, and dog values come from 
Dominguez and Crowder (2012), no standard error was reported for these values. 
 
When compared, the findings of this investigation contradict those of Dominguez and 
Crowder (2012) in that mean osteon area and circularity may not be good parameters for 
determining the species of origin for unknown rib bone. However, distinguishing 
between sheep and goat bone macroscopically is difficult, if not impossible, due to their 
macromorphological similarities. For the purposes of investigations requiring accurate 
distinction between sheep and goat bone, a histomorphometric approach may be very 
useful if practitioners are able to identify samples to one of these species based on 
macromorphological features.  
A histomorphometric approach to determining the species of origin of an 
unknown rib fragment may depend on too many variables, requiring too much known 
provenience information to be of use to the forensic identification process. If nothing 
else, investigators should exercise extreme caution in determining species of origin based 
on osteon parameters, particularly in medicolegal contexts where the findings are of legal 
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significance. Because histomorphometric analyses are, by definition, destructive, 
investigators may be more likely to succeed in identifying bone (to the species or 
individual level) through DNA analysis. Additional research will be required to fully 
unravel the complexities of histomorphometric interspecies variation and validate the 
findings presented here.  
 
Intra-Rib Anatomical Location Comparison 
A comparison of osteon metrics based on intra-rib anatomical origin (sternal, 
middle, or vertebral) yielded significant differences indicating that circularity and 
perimeter were the most variable based on origin. Interestingly, metrics for the middle 
and vertebral regions tended to be more similar than those from the sternal region. These 
findings are of pragmatic importance in that an investigator with the goal of determining 
the species of origin for an unknown rib fragment may be unable to say, with confidence, 
which section of the rib the fragment in question originates from. In this case, the 
histomorphometric approach may be of very limited value in that the species ascribed to 
the fragment may depend on where on the rib it came from.  
The variability observed in mean osteon circularity based on anatomical location 
alludes to the gross morphology of the rib. That is, variation in the gross morphology of a 
rib results in variation in its cross-sectional geometry. For example, most ribs tend to 
flatten (antero-posteriorly) moving sternally, resulting in a cross-sectional morphology 
that becomes more elongated. Importantly, intra-rib analysis was only conducted on 
sheep ribs.  
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In this investigation, intra-rib comparisons were conducted out of necessity based 
on the available sample and involved the inter-rib comparison of sternal, middle, and 
vertebral sections. Conducting serial, intra-rib, histology of the rib rather than comparing 
findings from different regions of different ribs would be a huge design improvement. 
Additionally, expanding investigations to include other species would strengthen studies 
of rib serial histology and within rib comparisons. Another consideration should be the 
arbitrary definitions employed by this investigation (sternal, middle, and vertebral). 
These designations were established for convenience and because of their correspondence 
with anatomical landmarks. Further research is required to properly validate sternal, 
middle, and vertebral designations as representative of the histomorphological variation 
present in rib bones.  
 
Further Design Improvements and Future Directions 
 This investigation has attempted to maximize the amount of data and reliable 
conclusions that can be drawn from a sample of ribs from various sources. Despite best 
intentions, several variables concerning processing and sampling have been unaccounted 
for and will be discussed here in hopes of better elucidating the limitations of this study 
as well as providing some remarks on general improvements for future investigations. 
 The sample utilized for this study was comprised of sheep and goat remains 
intended for human consumption. Despite being sold as retired breeding animals and 
ewes, no empirical information is known regarding their age-at-death or sex. Included in 
the batches of soup bones that were procured from local farmers were unfused epiphyses 
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of long bones, indicating that at least some of the individuals included in this study were 
skeletally immature. Although there exists a corpus of literature on the 
histomorphological differences between adult and sub-adult bones, it is unknown to what 
extent this investigation may have been affected. Every sample included here consisted of 
Haversian bone, although fibrolamellar bone was also observed in the majority of 
samples.  Because histomorphometric sexual dimorphism and age-related trends have 
already been discussed in great detail, I will limit my discussion here to saying that 
differences in histomorphometrics have been observed and may affect the data reported 
here. Ideally, future investigations should control for these variables by utilizing a sample 
of empirically documented age and sex, rather than estimations made by lay people. 
 A number of procedures were utilized for soft tissue removal and preparation of 
the bones. Included in these is thermal alteration, via freezing and maceration, as well as 
D. maculatus exposure. Because maceration was accomplished utilizing food-grade slow-
cookers equipped with laboratory thermometers, there was an element of imprecision in 
thermal exposure. Samples were removed from the maceration apparatus once the soft 
tissue could be removed with ease. For these reasons, it is not possible to say that 
temperatures have been perfectly stable during the entire maceration period and, 
furthermore, samples experienced variable lengths of time exposed to high temperatures 
based on the amount and type of soft tissue present. Bones were presented to D. 
maculatus for further removal of dense soft tissue structures and recent studies have 
shown that D. maculatus do leave characteristic, microscopic damage characterized by 
holes, striation, scratches, and pits in exposed tissue (Zanetti et al., 2014). Because only 
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surface modifications have been attributed to D. maculatus exposure, we have assumed 
that osteons remain unaffected by this exposure.  Following D. maculatus exposure, the 
bones were frozen to kill any hidden or remaining D. maculatus eggs or larvae. This low-
temperature exposure was also accomplished utilizing a food-grade freezer. These 
methods have been extensively logged and investigators should always be wary of 
confounding their findings with post-mortem changes. 
 Osteon geometry can be simplified to a cylindrical model in 3-dimensional space. 
From this model, it is patent that a section taken perfectly perpendicular with the long 
axis of the osteon (cylinder) will result in a circular cross-section, whereas a section taken 
at an oblique angle with the long axis will result in an ovoid cross-section. For this 
reason, the sectioning angle may have an impact on observed osteon circularity, which 
may explain help to explain its limited utility as an indicator of species. Some previous 
studies have excluded obliquely-oriented osteons, those whose length is greater than 
double their width (Greenlee and Dunnell, 2010; Dominguez and Crowder, 2012), 
however this is not yet standard practice. For the purpose of this investigation, sectioning 
was accomplished perpendicularly with the cortical surface. However, the precise 
sectioning angle was not quantified. Due to the potentially deleterious effects of 
methodology on osteon circularity measurement, future studies may choose to do away 
with osteon circularity entirely. Further research is needed to investigate the impact of 
sectioning angle on cross-sectional histomorphometrics and quantify the extent to which 
parameters such as osteon circularity are affected. 
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CONCLUSION 
 The purpose of this investigation was to investigate the validity of mean 
osteon area, perimeter, and circularity as parameters for distinguishing between human 
and non-human bone as introduced by Tersigni et al. (2008) and Dominguez and 
Crowder (2012). The findings presented here indicate several key points: (1) that there 
are statistically significant differences between goat and sheep rib bone 
histomorphometrics, (2) that there are differences in osteon metrics based on the 
anatomical, intra-rib location of the sample, and (3) that the osteon metrics discussed here 
may be poor parameters by which to ascribe the species of origin for remains with no 
known provenience. The findings reported here may have been affected by processing 
and sampling limitations and future studies should aim to control for these. In sum, the 
findings presented here suggest that the osteon metrics discussed are not reliable 
parameters for distinguishing between human and non-human rib bone.  
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APPENDIX 
 
Figure 12: The numbers of osteons measured are displayed by batch. Batch 9 includes only goat samples while 
the remaining batches consist only of sheep samples. 
 
Figure 13: Mean osteon areas for goat and sheep, standard error bars are shown. 
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Figure 14: Mean osteon perimeters for goat and sheep, standard error bars are shown. 
 
 
Figure 14: Mean osteon circularity for goat and sheep, standard error bars are shown. 
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Figure 15: Osteon area by location: vertebral, sternal, and middle regions of the rib. 	  
 
Figure 15: Osteon perimeter by location: vertebral, sternal, and middle region of the rib. 
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Figure 16: Osteon circularity by location: vertebral, sternal, and middle region of the rib. 
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